Thirty-one isomers of polychlorinated biphenyl (PCB) were examined for biodegradability by two species of Alcaligenes and Acinetobacter. The following relationships between chlorine substitution and biodegradability of PCBs were observed. (i) Degradation decreased as chlorine substitution increased. PCB isomers containing more than four chlorines were less susceptible to degradation.
The widespread distribution of polychlorinated biphenyl (PCB) compounds in the environment is now well documented throughout the world (5) (6) (7) (8) 12) . The biodegradability of PCBs is of primary importance to minimize their impact on the biota. Chlorinated biphenyls can theoretically represent as many as 210 different compounds containing from 0 to 10 chlorine atoms per biphenyl molecule. Of the possible isomers, 103 are considered most probable (13) . Ahmed and Focht (1) studied the degradation of several mono-and dichlorobiphenyls by two species of Achromobacter and found that chlorinated benzoic acids formed as a result of oxidative degradation. Murado et al. (9) observed interaction between PCBs and soil fungi. No metabolic changes in PCBs have been observed, but the presence of PCBs in liquid culture depressed the growth ofAspergillus flavus. Tucker et al. (12) indicated that commercial PCB mixtures containing predominantly mono-and dichlorobiphenyls readily underwent primary biodegradation by activated-sludge microorganisms. Some studies have been conducted on DDT structure versus biodegradation. Focht and Alexander (2) reported that substituents on the methylene-carbon and para-chloro substitution are critical factors governing resistance of DDT and related compounds to aerobic metabolism and decomposition by a Hydrogenomonas sp. Pfaender and Alexander (10) reported that pure cultures of bacteria decompose DDT extensively only through a cometabolic process. In a previous paper (4), we indicated that an Alcaligenes sp., strain Y42, isolated from an aquatic sediment sample was capable of cometabolizing a variety of PCB compounds. The primary degradation of various PCB isomers was tentatively observed. However, data were lacking to assess the relationship between chlorine substitution and biodegradability. In this study, we attempted to investigate in detail the effect of chlorine substitution on the biodegradability of PCBs. Thirty-one pure isomers of PCB and two bacterial species of Alcaligenes and Acinetobacter were used in the present study. 11 (at 5% on Uniport B, 60 to 80 mesh) was used with injector and detector temperatures of 180 to 240°C, and the nitrogen gas flow rate was 35 ml/min.
MATERIALS AND METHODS
Gas-liquid chromatography-mass spectrometry. Ethylacetate extracts obtained from incubation mixtures were evaporated once under a gentle stream of nitrogen gas and dissolved in a small amount of ethylacetate. Bis-trimethylsilyl acetamide was added to form the trimethylsilyl derivatives of certain PCB metabolites such as chlorobenzoic acids. The samples were analyzed using a gas-liquid chromatograph-mass spectrometer (JEOL Ltd., model JMS D300) with a coiled glass column (1 m by 4 mm ID) packed with silicone OV1 (at 2% on 80 to 100 mesh Chromosorb G). Helium was used as a carrier gas at a flow rate of 20 ml/min. The mass spectra were measured at 20-eV ionization potential, 300-,uA trap current, and 200°C ion source temperature.
Spectrophotometric measurements. A spectrophotometer (Hitachi model 624) was used for spectrophotometric measurements.
Chemicals. 4-Chlorobiphenyl was purchased from Aldrich Chemical Co. All other pure isomers of PCB (>95% purity) were obtained from Analabs, Inc. Bistrimethylsilyl acetamide was obtained from Tokyo Chemical Industry Co.
RESULTS
Prior to examining the biodegradability of PCBs by Alcaligenes Y42 and Acinetobacter P6, the effect of cell concentration upon ring fission was observed by using 2,5,4'-trichlorobiphenyl. As described in our previous paper (4), Alcaligenes Y42 was capable of producing a yellow intermediate (Amax = 398 nm) from 2,5,4'-trichlorobiphenyl. This compound was probably a meta cleavage product. Acinetobacter P6 also produced and accumulated a similar yellow intermediate with this substrate. After incubation for 1 h, absorption of the supernatant fluid at 398 nm was measured at several different cell concentrations of the two organisms (Fig. 1) . Subsequent degradation tests for all isomers of PCB were performed at a cell concentration of 1.0 optical density unit (660 nm), as indicated by the arrow in Fig. 1 . The cell numbers at the point were 2.0 x 109/ml for Alcaligenes Y42 and 4.4 x 108/ml for Acinetobacter P6 as counted using a Thoma hemacytometer. The optimum pH values were 7 to 9 for Alcaligenes Y42 and 7 to 8 for Acinetobacter P6. Phosphate buffer of pH 7.5 was therefore used for all degradation studies.
The biodegradation results of various PCB isomers are summarized in Table 1 . Monochlorobiphenyls (group A) were degraded very rapidly by both organisms, and no parent compound was observed after 1 h of incubation, so that the degradation rate was expressed as >50 nmol/ml per h. Dichlorobiphenyls with two chlorines substituted on a single ring (group B) were generally degraded rapidly at over 50 nmol/ml per h in both organisms except for 2,6-dichlorobiphenyl. This compound was extremely refractile and hardly degraded even after 4 h of incubation. Dichlorobiphenyl with one chlorine substituted on each ring (group C) was well degraded, although the degradation rate was slow compared with the dichlorobi- 1 h of incubation for mono-, di-, and trichlorobiphenyls and after 2 h of incubation for tetra-and pentachlorobiphenyls. ' A 500-nmol amount of each compound dissolved in ethanol (10 mM each) was suspended in 10 ml of phosphate buffer (pH 7.5).
c The cell number was 2 x 109/ml in Alcaligenes Y42 and 4.4 x 108/ml in Acinetobacter P6. phenyls of group B; 2,2'-dichlorobiphenyl was especially refractile in both organisms. Trichlorobiphenyls with three chlorines substituted on a single ring (group D) showed different extents of degradation in both organisms. The time course of degradation in this group is presented in Fig. 2. 2,3 ,4-and 2,4,5-trichlorobiphenyls were easily degraded in 1 h, whereas both organisms failed to degrade 2,3,6-trichlorobiphenyl even between these tetrachloro-compounds appears due to the effects of one chlorine substituted at the 4-or 6-position. Tetrachlorobiphenyls with two chlorines substituted on each ring (group G) generally showed very poor degradability. 2,3,2',3'-Tetrachlorobiphenyl, however, was well degraded at the rate of 8.6 nmol/ml per h with Alcaligenes Y42 and 7.2 nmol/ml per h with Acinetobacter P6. 2,4,5,2',5'-Pentachlorobiphenyl (group H) was hardly attacked by either organism. Yellow-colored intermediates were observed from 2,4'-, 4,4'-, 2,5-, 2,5,4'-, 2,4,4'-, 2,4,5-, and 2,3,4,5-chlorobiphenyls metabolism by both organisms, and also from 2,3-, 2,4-, 3,5,-, 3,4,2'-, and 2,3,4-chlorobiphenyls metabolism by Alcaligenes Y42. The yellow compounds derived from 2,4'-, 4,4'-, 2,5,4'-, and 2,4,4'-chlorobiphenyls were very stable and accumulated in the reaction mixture for a long period, whereas the yellow compounds from the other chlorinated biphenyls were unstable and the color faded gradually upon further incubation. The formation of chlorinated benzoic acid from each PCB isomer was confirmed easily by isotope peaks of chlorine atoms in their mass spectra. Trimethylsilyl derivatives of monochlorobenzoic acids (M+, mle 228; M+-CH3, m/e 213, as a base peak) were detected in the metabolites from 2-, 3-, 4-, 2,2'-, 2,4'-, 3,3'-, and 4,4'-chlorobiphenyls. Dichlorobenzoic acid derivatives (M+, m/e 262; M+-CH3, m/e 247, as a base peak) were detected in the metabolites from 2,3-, 2,4-, 2,5-, 3,4-, 3,5-, 2,5,2'-, 2,5,3'-, 2,5,4'-, 2,4,4'-, 3,4,2'-, and 2,3,2'3'-chlorobiphenyls. Trichlorobenzoic acid derivatives (M+, m/e 296; M+-CH3, m/e 281, as a base peak) were detected in the metabolites from 2,3,4-and 2,4,5-trichlorobiphenyls. However, this compound was not observed in the metabolite from 2,4,6-trichlorobiphenyl in spite of complete disappearance of the parent compound in Acinetobacter P6. A tetrachlorobenzoic acid derivative (M+, mle 330; M+-CH3, m/e 317, as a base peak) was detected in the metabolites from 2,3,4,5-tetrachlorobiphenyl. DISCUSSION From the results obtained in this experiment, the relationship between structure of PCBs and their biodegradability can be illustrated by the following points. (i) Degradation decreased as chlorine substitution increased. The resistance of the more highly chlorinated atoms per molecule, especially more than four chlorines, may explain their detection as residues in environmental samples (5, 8, 12) . The resistance of tetrasubstituted PCBs may be explained by difficulty in ring hydroxylation due to the two positions of each ring being occupied by two chlorine atoms. (ii) PCBs containing two chlorines in the ortho positions of a single ring (i.e., 2,6-) and in each ring (i.e., 2,2'-) showed striking resistance to degradation, as illustrated in studies with 2,6-, 2,2'-, 2,3,6-, 2,5,2'-, and 2,3,5,6-chlorobiphenyls. 2,4,6-Trichlorobiphenyl was the exception in this series of PCBs. This compound was rapidly metabolized by Acinetobacter P6, although trichlorobenzoic acid was not detected by gas-liquid chromatography-mass spectrometric analysis, unlike what was observed with 2,3,4-and 2,4,5-trichlorobiphenyls, in which these metabolites could be readily demonstrated. On the other hand, Alcaligenes Y42 hardly metabolized this compound. (iii) PCBs containing all chlorine atoms on a single ring were generally degraded faster than those containing the same number on both rings. (iv) Preferential ring fission of molecules occurred with nonchlorinated or lesser chlorinated rings: monochlorobenzoic acids were detected from monochlorobiphenyls and group C dichlorobiphenyls; dichlorobenzoic acids were detected from group B dichlorobiphenyls, group E trichlorobiphenyls, and group G tetrachlorobiphenyl; trichlorobenzoic acids were detected from group D trichlorobiphenyls; tetrachlorobenzoic acid was detected from 2,3,4,5-tetrachlorobiphenyl of group F. The formation and stable accumulation of the yellow intermediates was always observed from 2,4'-, 4,4'-, 2,4,4'-, and 2,5,4'-chlorobiphenyls. It should be noted that the compounds of this series have 4'-chlorophenyl in common. (vi) Significant metabolic differences between Alcaligenes Y42 and Acinetobacter P6 were not observed except for 2,4,6-trichlorobiphenyl. However, the degradation activity per single cell was greater in Acinetobacter P6 than in Alcaligenes Y42, since the number of cells used for the latter was 4.5 times higher than that of the former.
Tucker et al. (12) demonstrated that commercial PCB mixtures, which contain predominantly mono-and dichlorobiphenyls, readily underwent primary biodegradation by activatedsludge microorganisms, and that as the levels of tri-, tetra-, and pentachlorobiphenyl increased, the biodegradation rates decreased accordingly. These results were generally in good agreement with our data; however, it should be pointed out that 2,6-di-and 2,3,6-trichlorobiphenyls, for example, were hardly attacked in spite of less chlorination. Wyndham et al. (14) reported that a lower chlorinated isomer (4-chlorobiphenyl) was highly mutagenic to Salmonella typhimurium, whereas higher chlorinated PCBs were only weakly mutagenic. The ecological effect of PCBs has become a matter of 
